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SUMMARY

The performance of the turbine component of an NACA research
Jet engine was investigated with eo0ld eir. The inbteraction and
the matching of the turbine with the NACA eight-stage compressor
were computed with the combination considered as a Jet engine and
the over-all performance of the engine then determined. The
internal aercdynamics were studied +to the extent of investigating
the performance of the first stator ring and 1ts influence on the
turbine performance. For this ring, the stream-fllament check on
veloclty distribution permitited efficient sections to be designed,
but the design conditlion of free-vortex flow with uniform axisal
velocltles was not obtained. The actual alr Plow was 0.964 of the
design value at design pressure ratio and speed, end was 0.98 at
deslgn speed and enthalpy drop. Rotative speed for optimum effi-
clency (0.875) was 180 revolutions per second as ¢ompared with the
design speed of 134 revolutions per second (efficiency 0.823).

INTRODUCTION

The NACA two-stage turbine wags designed and built under the
direction of Mr. Eastmen N. Jacobs by the staff of the NACA
Cleveland laboratory as a component of a jet englne,which served as
a tool for the study of the behavior of this englne type. The
compressor component of the engine was to be the NACA eight-stage
compressor discussed in references 1 to 3. The turbine investiga-
tion reported herein was mads at an ailr temperature of 190° F for a
range of corrected speeds from 102 to 182 revolutions per second
and pressure ratlos from 1.16 to 2.80. The purpose of this investi-
gatlon was to evaluate the blade design procsdure by deotermining the
performance of the first stator ring and its influence on over-all
turbine performence, to determine the performance of the turbine
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without the constraint imposed by operating the compresaocr and
turbine togsther, and to use thess data to investigatc the matching
of the turbine and the compreesor..

DESCRIPTION OF THE TURBINE

Deslgn conditions. - The turbine was designed for the following
operating conditions: inlet pressure, 2400 pounds per square foobh;
inlet temperature, J400° R; ges flow, 4.18 pounds per second; power
output to the shaft, 296.5 horsopover; and rotor 8peed, lq,O]O rom.,
For operation in the Jet engins, the assumed compressor pProsSsure
ratio was 3.36; the compressor inlet-air temperature, 4400 R; and
the comprsesor inlst-alr pressure, 739 pounds per square foot
Flight speed was 470 miles per hour and altitude, 33,000 feet.

The turbine wérk'outpuu was go divided betwsen the stages that
the ratlo of the tempersture drop to average temperature for each
stage was the same for both stages In order to maintain Mach numbers
approximately the same for the two stages. The velocities between
blade rings are shown in the following table:

Axial |Tengential|{Tangential
Station veloclty} velocity | wvelocity .
- (ft/sec)| at root at tip
_ - {(ft/sec) | (ft/sec)
Entrance stator I 208 ‘0 0 -
Exit stator I 228 1933 800
Bntrance rotor I 1 226 422 -195
Exlt rotor I 269 -828 ~-999
Entrance stator II 269 -317 ~-204
Exit stator II 290 898 578
Entrance rotor II 290 387 -217
Exit rotor II 346 - =818 -391
Entrance stator ITI| 346 -305 -196

Thess veloclties were computed Sn the assumption of radial equilibrium,

constant gas energy and entropy, and free-vortex flow from root to »

tip. These assumptions result in a constant axial velocity over the

blade span, which may be. demonstrated by consideration of the condi-

tion for redial equilibrium of pressure with no radial flow. "

cu2 - .
dp = p —- dr (1)
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where

P pressure, (1b/sq £t)

p density, (slug/cu f£t)

oy whirl velocity component, (ft/sec)

r distance from axis of annular channel, (ft)

For conveniende, the symbols used .in this report are defined in
appendix A.

The equaﬁion relatiﬁg enthalpy changg to entropy change is
dH;= de + %?"
‘where
E  enthalpy, (£t-1b/slug)
T  temperaturs, (°R) .
S entropy, (ft-1b/siug/CR)
Thérefore,'

_d 0 2
8P - 4§ -~ Tdg = — dr
[} r

The snergy equation 1s

=3

dET a8 + a{g-

where ¢ 1is the velocity in feet per gsecond and the subscript T
indicates stagnation state.

c?\. cu2
dHp - d\z~) - T8 = —dr . (2)
If the flow ia isentropic and ths gas of uniform energy level,

dET =
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and
2 2 2
Cgé + Cy ) ¢l Cy .
d(“""é‘“— =d<§“ =-5 o (3)
where c¢g 18 the axial velocity component in feet per second.
2 o2
[« o) 1
0 = d(}%—) + cpdcy + cy? %? = d(}%— + i d(rcu)'2 (4)

If the moment of momentum is constant, d(rcu) =0 and cg. ' is
therefore constant. The type of motion where rc, 1is a constant is
deaignated free-~vortex flow becausse the radisl distribution of whirl
veloclity is the same as that for an 1lsolated vortex fillament,

In the design procedurs, the assumption was made that all the
losses took place In the rotor and the stage efficlency was 0.90
baged on total pressures and temperatures.

The flow channels between the blades were designed to provide
gulidance at the dlscharge by making both walls nearly parallel to
the desired flow angle for a distance approximately equal to the
exit channel wldth. From the channel exlt toward the sentrancs,
along the suction (convex) side of the blade, the radins of curvature
was decreased ag the channel width incressed to the reglon near the
leading edge. The camber line was polnted in the dlrection of the
incoming flow. Blade tralling edges were 0,03 inch thick, except for
the second row of stator blades, which were cagtings with trailing-
edge thickness varying from 0.020 to 0,015 inch. The leading-edge
radlus of curvature was taken as 15 percent of the maximum thickness.

When a blade section had thus besn roughly designed, the
velocity distributlon on the suction side of the blade was computed
by means of the stream-fllament theory described in reference 4.
This method was modified to account for the varying mass flow per
unit blade height in the channel cauged by radial flow by assuming
for each section & linear varilation of the mass flow per unit blads
helght along the middle streamline from the entrance to the exit
values. If necessary, the suction surface shape was modified to
keep the veloclty on thile surface nearly constant. No information
was obtained in this fashion sbout the alrfoll nose or the projecting
suctlon side of the blade (section A-B, fig. 1) because the streem-
filament theory of flow in channels is inapplicable in this region.
Figure 1 shows the entrance-nozzle root section.

Construction. - The turbine consists of two stages of rotor
blades and three stages of stator blades. Reaction in both the rotor
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stages may be Ilncrsased by the use of a final stator stage, whlch
also lnsures efficlent Jet-nozzle operaticn over a wide rangs of
turbins and compressor operating conditions by sliminating the
rotation of the discharged gas. A downstresm view of the first ring
of stator blades is shown in figure 2. The second ring (upstream
view) and third ring of stators (dowvmetream view) are shown in fig-
ures 3 and 4, respectively. The rotor 1s shown in figure 5. All
rotor and stator blades had an lnner diameter of 9 inches and an
outer dlawmeter of 14 inches. The rotor blades sre fastened to the
wheel by a Christmas-tree type blades base. For this investigetion,
& set of sleeve bearings were used. All blgdes had a radilal tip
clearence of 0.035 inch. '

APPARATUS

Cagcade-ring tesgb appardtua. - The firat stator ring was
mounted bstween two concentric pipes with e bellmouth cntrance and

room air wes dravm through the ring. About 2% inches downstream
of the cascads, two total-pressure tubes and two flow-directlion
tubes weare mounted to provide for radial surveys. The whole

cascade could be rotatsd for tangential surveys. Stabic-pressure
taps were located 2% inches downstresem of the cascade at the inner

and outer walls. In other studies, the boundary-layer thickness

on the suption surfacs of the blade was meesured about 1/4 inch
from the treiling edge by means of rakes of small impact tubes.

A static-pfessure tube was laid against the blade. These boundary-
layer measurements were made at radial positions 1/4 inch from the

blede root, 15%-1nches from the outer radius, and 9/16 inch from

the outser radius.

Turbine-performance test gpparatus. - For over-all performance
measurements, the turbine wag mounted as shown in figure 6. The
whole unit was inserted into a drum; the laerge plate at the front
formed one end of the drum. The reay end of the drum was sealed
by bolting the rear flangs of the turbine-discharge duct to the
"edge of the hole in the rear plate of the drum. The entire drum
was air-tight except for one large pert in the cylindrical surface,
which served es the alr inlet. The gas passed through a webbed
section and tho sereens into the turbine and discharged from the
rear of the turbine. :

The power-absorption unlt was a water dynamometer. Alr flow
was determined_from an orifice meter in the intake line., Total-
pressure and temperature surveys were made upstream &nd downstreanm
of the turbine by means of tohsl-pressure tubes and thermocouples
with veloclty-recovery heads.
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RESULTS
Performance of Flrst Stator Ring

The first stator ring was investigated to determine from the
boundary layer on the blade surface whether the design method satis-
factorlily avolded flow separation and to find from this boundary-
layer survey the drag assoclated with this layer and its effect on
turbine efficlency. A further obJect was to survey the dlstribution
of the velocity discharged from the stator ring and to find its
effect on turbine performance. These measurements were used to
evaluate the turbine-design procedure and to . suggest lmproved
procedures when dlsagreement exists between theoretical and measured
veloclty distribution.

Blade-gurface boundary-layer survey. - The boundary-layer
surveys on the convex side of the blade at the tralling edge are
shown In figure 7. For comparlson, the momentum thickness was also
computed for a turbulent boundary layer on a flat plate of chord
equal to the suctlon~surface arc length. Por all blade sections,
the equilvalent flat-plate boundary-layer thickness wasg about
0.0037 inch, which 1s near the average measured value for the whole
blade. Becausea trailing-edge thickness of 0.030 inch was required
to prevent warpage of the blades under heat, the increment in drag
caused by the momentum thickness of the boundary layer is small,
From the momentum equatlon, the formula for energy loss in the blade

wake 1s
Loss per slug =;/6Tds = e N - tf,
2
Ca -1
RT 7(L - tp)
where

t blade tralling-edge thickness plus momentum thickness of boundary
' layer, (£t)

tp dLraction of axlal-flow area blocked by tralling edges of blades,
t
8 Dblade pitch, (ft)

oy engle between trailing edge and normal to cascade,éxis
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R gaé constant, (ft-1b)/(siug}/(°R)
vy ratio of specific heats.
This equation is derived in appéndix B.

Computétion fgr the design point'atlthe rootvmeanQBqﬁare radius
glves a value of‘I TdS of 160 foot-pounds per slug for an assumed

boundary-layer thickness of 0.0040 inch. ‘For a rough estimate of
the effect of the blade wake on turbine efficiency, the average

value of /| TdS would be about 200 foot-pounds per slug (becausa

of the increase of caz through the turbine) if the blades were the
same Ffor all stages. Because of the verying numbser of blades in

each gtage, TAS 1is approximately equal to 2100 foot~pounds per

glug for the five gets of blades. Because the degign work output
ig 1.255 x 10 foot- pounds per slug, the - loss in turbine efficiency
based on this factor is .

—2l00 ___ _ 5,002
1.255 x 108

Insemuch as this computatlion shows very little sffect of blade wemke
on turbine efficlency, the method of blade-ssction design is
consldered satisfactory.

Flow-direction surveys. - Dirsctlon-gurvey dabta for 10 measure-
ments in a swace equal to one blade pltch are shown In figure 8;
the surveys were made simultaneously over opposite sides of the
cascade ring. On each plot the design engle of flow for that radius
is shown; the difference in average angle obtained in surveys on -
opposite gides of the cascade may result from variations in blede
spacing and orientation. Near the inner radius (fig. 8(a)) the air
is turned too far whereas at a radius of 0.448 foot (fig. 8(b)) the
air is insufficlently turned. From & radius of about 0.5 foot to a
radius of 0,542 foot, the turning 1ls ebout 1° too low. Figure 9
shows surveys around a sector of the cascade; each stabtion is
removed from the next by one blade space. At the inner and ouber
radil, variations as high as 4° around the annulus arc present.
The radial distributinn of turning-angle discrepencies ohserved in
the surveys over single blade spaces arse prssont in the survey over
the whole ring. Both surveys show that the assumption of flow-
direction distribdution corresponding to the free-~vortex condition
is inadequate for an accurate description of the flow.
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Velocity distributions. - The gas velocities were comﬁuted on
the assumption of radisl equilibrium. Thls condition can be stated
ag

2 .
0,2 Cu® dr
dp-prdr-v'pazr

where a 1s the locael sonic veloéity in feet per socond, Because

. . z -
cuz B cz - '2 z (?f) - l

sinz ._ Y = l :

P

a substitution glves _
r-t
pp\ 7
_2 2y (I - ar
7 = 1 (p 1| s1n? ¢ = (5)

where ¢ 1s the angle between flow direction and normel to cascade
axis. The data obtalned in the surveys were the radial dilstribution
of the flow dirsction ¢ and of the total pressure pp. The static
pressure was obtalned at the inner and outer radius. Thus ¢ and pp
as functions of r and the two boundary values for p ars known.

If the Plcard method of successlve approximations 1s used, the solu-
tion is obtained by assuming a function p(r), inserting it into the
right side, integrating to get a new function p(r), and repeating
with the new p(r). The initial point chosen was (r,, py), where
the subscript r Indicates the inner radius. This solution, how-
ever, results in a value for the static pressure at the outer

radius py that does not agree wlth the measured value. Because

the total-pressure measurements were obtained with a claw tube, -
interference between the tubes made the total-pressure readings less
reliable than the direction and static~pressure messursements. The
equation wes therefore usged to compute the shape of the pressuvre-~
gradient curve, all values of which were thon multiplied by the same

factor. that made [ dp/p = log Pt/Pr equal to the measured value.

The values of cuz/a obtained ty use of equation (5) wers used with
the measured.values of ¢ to compute the axlal-velocity. couponent.
For a perfect isentropic, lsoensrgetic fluld passing through a -
cascade of blades so designed that r tan ¢ is constant (for this

row of stator blades r tan ¢ = 1,535 ft), the value of cg and

re, ere constant over the radius regardless of the flow Mach

number If the flow follows the desired direction and 1f redial
equilibrium is established.
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The axial-velocity distributions are shown i figure 10 as &
function of -radius for several rates of alr fldow. The thick, low-
energy leyer near the inner shroud corresponds to the region of
overturning noted in the direction surveys. Next to’ thls rsylon
iz a local reglon containing a velocity maximum. This regiou of
extreme underturning was noted in the direction surveys. The
boundary laysr on.the ouber shroud is. quilte thin. The plot of -
moment -of ~momentum parameter rcu/ (fig. 11) ghows the same
thick inner boundary layer and thin outer boundary layer. The -
region of high axial velocibty does not have a corresponding region
of high moment of momentum, which explains the underturning in
this region. This discrepency between excesalve axial velocity
-component and low moment of momentum means that the flow inte this
region from the inner shroud, hence the build-up of the boundary
layer, did not take place mainly inside the blade channels wherse
1t would cause an incresase in rcy g$ the discharge, but primarilv
occurred outside the nnzzle chammel..

An increage in lTow-energy region on the inner shkroud occurs.
. with increase in mass flow. DBecause all flows are subsonic, it is
assumed that this is a Reynolds number effect. For high flows
dynamically similar to low flows

- Proyly = Proly

- and
PhCh > 0103

where subscripte h and 1 indicabte the high~Tlow and low-flow
conditions, respectively, and L is the characteristic length. The
distance behind the blades. rather than the blade helght 1s selpcted
as L 'because the viscous effects do not extend from the inner to
the outer shroud, although this state is almost attained at the
highest flow. The conditions Just eited imply that Iy <1Lj, which
means that the surveys taken at high flows corrsspond to low-flow
surveys teken farther downstream. This inbterpretatlon 1s useful
because the data for various flows at one position may be interpreted
a8 corresponding to the same flow at various survey planss. Thia
interpretation is not exact because dynamic similasrity implieé_
geometric similarity, which is not maintained in ths blade ssctions.

Physical interpretation of wvelocity end dirsction distribution.
A change from potential flow occurs near the blade shrouds bacause
of the large vlscous forces. The concave surface cf the blade 1s
a high-pressure reglion and the convex surface is a low-pressure
region (A-B, fig. 1) that extends beyond the channel between the
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blades. In the main body of the flow (the region not near the blade

" 100t nor tip), the momentum 'is high enough to carry the flow In-a

direction transverse to the pressure gradient. Adjacent to the
inner and outer shrouds is a reglon of low momentum induced by
friction with these walls and by turbulent and wviscous shearing
stresses. This low-momentum Fluild flows almost directly in the
direction of the pressure gradient induced by the potentigl flow on
the blade surfaces.' The veloclty of these low-energy boundary
layers et the shrouds has & component opposed to the maln axial-

' flow component, and also a component in the directlon of rotatlon
of the main body of the fluid. This boundary layer at the shrouds
is therefore built up after discharge from the channel section B-C,
(f1ig. 1) although some bulld-up may take place inside, the channel.
This layer of air will therefore appear %o be overturned (fig. 8)
even though both veloclty components are low. The build-up of this
boundary layer at the shrouds causes a radial flow, which in turn
induces & high axial velocity in an adJjacent local region (fig. 10),
and thus the air is upderturned (fig. 8) .although 1ts tangential
component may be equal to the design value.

A radical difference is noted 1n the thickness and thilckness
development wlth velocity of the boundary layers on the inner and
outer shrouds (figs. 10 and 11).. It may be simply demonstrated that
this effect 1s caused by the stability of the inner boundary layer
and the lnstability of the outer layer. The radial accelerating
force on a fluid element of mass pEdr rdA 1s the difference between
the centrifugal force (pdr rdA)cuz/r and the pressure gradient
force _

P+ QB d£>'rdk - prdk ='93 dr rdA

where rdh 1s an element of 1ength along cascade axis at radius r.

(rcu) .1_. _d'.B
P p dr’
rotating body ‘of fluid has & net radial force of zero everywhere.

If a particle of fluld at position r with moment ‘of momentum re,
is digplaced to-a positlion 'rg - where .the prevailing moment of
momentum is (roy)q and where equilibrium establishes a pressure

gradient of

The radial force per unit mass ig then A stable

2
2 (g.a\ _ {roula
Pg dr /g rds-

then according to the principle'of conservation of momentum the
particle will retain its original moment of momentum. The unbalanced
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force per unit volume on.the particle In 1ts new-position in the .
pressure field therefore is

D(rcu) (Qg N p.(::'cu)2 - pd(rc"l’)dz.

3 3

dr,d rd ‘

Ya

.. Ifa particle from the low-velocity boundary layer s displaced
radislly to & region of higher moment of momentum, the resulting
force on the fluld is negatlve and tende to send -the particle
inward. The stability of the inner boundary layer and the insta-
bility. of- the outer boundary layer are thereby exp3ained.' Further-
more, any particles of fluild in the main stream that have a low
“moment of momentum -(such particles may come from the blade weke or
from the boundary layer of: the outer shroud) also tend to collect
along the inner shroud, thus building up | this boundary laysr at a'
greater rate than by friction alone. _

This reasoning is supported by figure 10, which shows a thick
inner layer and a thin outer layer. As predicted; the inner boundary
layer buillds up and the onter layer thins out with lncreasing
velocity (which corresponds to increasing distance from the cascade)
The same general character 1s shown in the curves of the moment of
momentum (fig. 11). For a rotating inner shroud, the boundary layer
is therefore unstable; whereas for the rotating oubter shroud, the
iayer is .steble; a minimum thickness in gll boundary layers is
therefore obtained by having a rotating imner shroud and .a stationary
outer shraud. as in the compressor component of the englne for which
this turbine was desligned. o

Relation of cascade performance to deslgn and turbine perform-
ance, - The purpose of the cascade is to Ilmpart s desired moment of
momentum to the alr. For turbine power, the radial distribution of
nmoment of momentum is not as significant as the mags distribution
of the momént of momentum, which is shown in figure 12. The mass
flow m betwsen the inner shroud and & radius r 1is therefore a
function of r. The curves are more nearly constant than the curves
of figure 11, shewing a very steep rise from zero at both shrouds.
The design value of the masg-flow parameter W/ng 38,3 is
0.0723 square Poot, slightly lower than the lowest test condition,
which was 0.0757 squars foot. (W, welght flow through the set of
nozzles, 1b/sec; g, gravitational factor; subscript 3 indicates
state .of alr -entering-the set of vanes.) In order Lo compare .
measured velues of - rc, with deslign values, use is made of the
fact that, for a perfect fluid, if 'rc, and the energy are constant
for one flow, rc, .and ¢ are constant over the radilus for any
other flow and rec,/c, 1s constant for all flows and radii. The
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mass averaged ¢y was computed and -the parameter rcu/ﬁa was
plotted agslnst the mass-flow parameter m/ng 3873 in figure 13,
which shows that the effectlve angle of turnlng 15’ smaller than the
design angle.

In order to estimate the weight flow at the design pressure
~drop, use is made of the fact that for this turbine, the corrected
- wolght flow as a function of pressure ratio 1s independent of speed.
Because for subcritical flows the pressure ratlo over the nozzle is
a function only of the weight-flow paremeter, which in turn 1s a
function of the turbine over-all pressure ratio and independent of
speed, the pressure ratic' of the first stators l1s therefore a
function of the pressu¥e ratio of the whole turbins ‘8nd -1ndependent
of speed. 'For this turbine, the relation of weight flow and pressure
drop can bé computed from conditions at the root-mean-square

radiﬁs 4{% (rr2 + rtz) using the entire flow area and the resu?ts

are nearly the same as those cobtained by computation and integra-
tion over the whole blade height. The pressure ratlo or the
corresponding c/aT 3 &t the roct-mean-square radius ls thersefore

taken as typical of this stator. The design pressure drop over the
whole turbine ls therefore assuwed to prevail when c/aT 5 1is
equal to the design value at the root—mean-square radius of the
first stator,

The area of flow 1s blocked principally at the inner shroud,
The alr flow is estimated by assuming an effectlive area that remains
unchanged from the condition of lowest flow of the nozzle-ring teats
to the design condition. The actual veloeity ratio - % -

K 1

[t e )

ap  ap

impiies a certain density ratio E/DT for lsentropic flow. The
effective flow area Ay 1s computed from

ngaT = fe tPT)(

and from the data for the lowest~flow condition. TFrom the value

of E/aT and E/DT for the design conditions and the effective ares,
the flow at design pressure ratio and standard atmospheric condition
for the entering stagnation state ls 5,85 pounds per second, which

is 95 percent of the deslgn value. The effectlve flow area 1s

87.5 percent of the actual value., The assumption of fres-vortex flow
and uniform axial veloclty is therefore unsatlsfactory for estimating
the alr~flow-pressure ratlo relatilon of the turbine.
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Thug the underturning of the alr is almost exactly accounted
for by the blockage of flow at the blade root with the design value:
of moment of momentum. This underturning may be explained by
assuming that most of the build-up of the inner boundary layer takes
place after discharge from the nozzle by flow toward the suction
surface of the blede, which projects beyond the gulded channel
section. The maln effect of these phenomens is to lncrease the
axlal-veloclty components over the part of the blade just outside
the shroud boundary layer and to reduce the alr flow from the design
value. The poor angle of attack at the rotor blade roots 1s
relatively insignificant because of the small part of the flow in
that region, but the deviations from design angles are relatively
glgnificent in the potential-flow region adjacent to the innsr
shroud. Accurate design procedure requires the development of a
method of predicting thése_effacts near the shroud.

Turbine Performance

The relation between the corrected weight flow of the
turbine W%/OT 5'/9T 3, the corrected turbine rotor speed n/vem

and corrected isentroplo enthalpy drop AHs/geT 3 1s given in
figure 14 : ‘

where

AHg isentfopic enthalpy drop through turblne, (ft-lb/slug)

AH enthalpy drop through turbine, (fé-lb/slug)

n rotor sﬁeed, (rps) |

W weight flow of gas through compresssr or turbine{ (1b/sec)‘

e square of ratio of sonic speed to sonic speed for normal
air az/ast2 (referred to as corrscted temperature ratio)
8 = az = YRT
8512 YetPetTst

o ratlo of denslty %o normal gas density, o/fgy
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Subscripts:
1 compressor-intake condition
2 compressor-~dlscharge condition

k] turblne-intake condition
4 turbine-discharge condition
st standard-alr condition

Figure 14 sghows that the turbine behaves like & nozzlo with no effect
of rotative speed. The deslign polnt computed on the assumption of

an efficlency of 0.90 is elss shown., The weight flow at design pres-
sure Grop 1s about 96.4 percent of the design value, rather than

95 percent as predicted firom the cascade performance; the agreement
of flow predicted from cascade detg with turbine performance is good.
This increase in air flow may be caused by the influence of the
rotating set of buckets, which mlight render the inner boundary layer
unsteble and thus destroy it. This influence may be felt to some
extent by the layer Jjust downstream of the first row of nozzles, which
becomes thimmer and thus reduces the flow obstruction. ¥Flgure 15
shows the corrected lsentropic enthalpy drop of the air as a functlon
of the corrected enthalpy drop; the efficiency contours are stralght
dashed lines through the orizin of slope equal to the reciprocal of
the efficiency. A peak efficiency of 0.875 is noted. The cnthalpy
curves show nearly congtant efficiency over & wide range of specds
and powsr outputs. At the design value for speed and work output

per pound of air, the efficlency is 82 percent rather than 90 per-
cent, which was used in the design process. At tho corresponding
isentropic enthalpy drop, which is 90/82 times the design value, the
air flow 1s only 1.7 percent lower than the design value of 6.18 pounds
por second. This design point is also shown on figure 1l4. VWhen ths
turbine operates in the engino, 1% will handle slightly more gas

then indicated from theme data because of the expansion of the
clearances under the actlon of the hot gases. The agreement botween
design and actual air flow at design work output can therefore be
regarded as gatisfactory.

A plot. of the over-all turbine. performance in flgure 16 shows
a corrected torque parameter plotted asgainst a corrected welght-flow
parameter, both of which are useful in finding the matchlng and
interaction of the turbine and the compressor as components of a Jet
englne. Lines of consbant corrected rotor speed and of constant
turbine efficlency are shown as well as the location of the design
point, for which the design spesd 1s 134.1 revolutions per second,
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whereas that shown on the chart is 135.7 revolutions per ssecond.

The design point is not the point of highest efflicliency lnasmuch as
this efficiency was about 0.823 as compared with the peak value of
0.875 at a gpeed of 180 revolutlons per second. This dizcrenancy

in speeds lndicates that sn .analytlical determinetion of efficlency

is required in order to produce the most effective designz with
minimum losges at the design point. A large range of high efficiency
is available, however, for use at points other than the design point.

TURBINE-COMPRESSOR MATCHING

The turblne characteristics are now used to dstermine how well
they match the characteristics of the compressor with which the
turbine is %0 be used. The turbine mgy be expected to behave some-
what differently than predicted by the cold-alr data when installed
in the engine and taking the hot products of the combustion chamber
because of a clearance expansion, a nonuniform temperature distri-
bution in the incoming stream, and the combustion in the turbine
in some conditions of operation. Another difference may be
expected because the data avallable for the compressor were obtained
with a scroll discharge collector rather thgn thé axial discharge
collector that will be used in the engine. Another unknown is the
combustion-chambsr total-préssure loss, which ls assumed to be
5.percent of the absolute total pressure delivered by the compressor.

Relation between Turbine and Compressor Varisbles

The matchling of the turbine and the compressor components of
the engine is determined by related parameters of the compregsor
and the turbine. For example, the speed of the turbine is sequal to
that cf the compressor and the relatlion between the corrected speeds
is

n___n _4los
/\/?T,l ’VQT,’S /VGT,l

Compressor and turbine gas flows are related by the - -equation

(6)

where f 1ié the fuel-air ratio. Then

Wiy Wan  Cm,3 Op,3
Op,26r,2 1 + ¥ 0p 39 301 2602
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Becauae

72PT .2
7gtPat

Or,26r,2

and L
73Pp 3
lo; 6 [P S~ S
Ts37T53 ~ 7g4Pat
then

Wln . 73PT,5 wsn
Op,26p,2  720p,2(1 + T) Op 367 3

(7)

which relates the turbine and the dbmpressor'gas flowe in terms of
parsmeters that are reduced to standard-air values,

The power squatlon is

Wi(Bp 2 ~ Hp 1) + Py

[

W5(Hp 5 = Bp g)
or

Wy H, + Pp = WzAH

where
P, auxiliary-power consumption (bearings), (£t-1b/sec)

This equation can be converted into a relatlon between the compressor
an@ turbine torgues in corrected varilables.

M, o Pa (f W3AH ') 0z, 3 (: :> WzAH j)
0y 20,2  ™p,29% 2z \0Op 3fn z/0p 20p1  \Pp,2/ 72 \F’m 3073

(8)

For the combustlon chamber, the pressure-loss functlon can be given
in the form

' 2
P -D W
L2 T3 a function of L — Wi, T (9)
1
Pp 2 7,2PT,2
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and the combustion efficlency

n_%%ﬁ‘wﬁﬁz‘ﬂﬁc

(10)
Wy fh

lg given-as

1. = fanction of (Hp 3, condltions at station 2) - (11)
: s g

function 6f (f, conditions at station 2)

wheres. _
H, .enthalpy of fuel entering combustion chamber, (ft-lb/glug)

h  heating value of fuel, (ft~1b/slug)

Compressor and Turbine Matching Charts

Except for small corrections for- the fuel input, bearing
power, pressure lose In the combustion chamber, and changse in ¥
from station 1 to station 4, the torque parameter WAH/nce. from
equation (8) 1s the same for the turbine and for the compressor
under eny engine coperation condition. The same equality holds for
the air-flow parameter Wn/cf, as eguation (7) shows. If the turbine
and the compressor performances are plotted in terms of these vari-
ables and the charts superimposed, one point indicates both the *
turbine and the compressor operating state when they are operating
as components of a Jet engine. A chart of the compressor perform-
ance In terms of these varlables is shown in figure 17 for constant

values of n//VQT,l. These data were obtalned from references 2
and 3 with a 'scroll collector on the compressor. Some difference
1s to be expected between the performance so determined and the

- performance of the compressor when stralghtening vanes are substi-
tuted for the scroll for use in the engins. A simillar chart for
the turbine is shown in figure 16 for constant values of n/q 6p 3.
If the charte for the turbine and the compressor are superimposed,
it can be seen whether the high-efficiency region for the turbine-
overlaps the high-efficiency region for the comprsssor. If they

- do not, the resultant Jet engine ls prevented from reaching lts
maximum possible efficlency.

The over-all engine performance can also be estimated from these
-charts and the relation of each component to the over-all engine
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performance can be determined. This relation will indicate the most
appropriate wodificatlons of turbine and compressor to obtain better
over-all engine performance. First, a rough approximation is made
by assumlng no bearing losses, no combustion-chamber pressure loss,
and no fuel added. If a value for the corrected temperature

ratio eT z/GT 1 1s assumed, the ratio of turblne to compresgor
gpeed 1s #1xed’Por this value of ér, S/GT 1 by equation (6). By
superimposing the two charte and choosing e particular compressor-
gpeed line, the intersection of this line with a turbine-speed line
having the correct ratlio of turblne speed to the compressor speed
determines an engine operation point. The choice of another compressor
gpeed, determines another point. It is poseible in this menner to
obtain an operatlion curve for each temperature ratic. Alr flow and
alr state discharged from the'compressor can then be obtalned for
each operating point. The englne characteristics are now refined

to take into account losses and changes in gas preoperties. The
bearing power P, may be found from the operation speed. Then
approximetely

(HT 5 - Hp 1) - AH,

fERR - (Eg,s - Bp,0)

(12)

From the data on the compressor-discharge and the burner characr
teristics, 7n and f ocan be computed from equation (11). This
value of f with 6 3/6T y and ap 1 permits the determination

of 73/71 and Tr,3 TT 1. Sufficient data are then avallable o
£ind the valus of PT, 3 /pT 2+

The turbine torque and alr-flow requirements mey now be computed
to include the effect of compressor, combustlon-chember pressure loss
and efficlency, and bearing requlrements by the application of equa-
tions (7) and (8) for several points on each compressor-speed curve.
These points are connected by a curve for a glven speed. The inter-
ssction of these curves of turbine requilrements wlth the proper
gpeed curves of turbine performasnce glveg turbine opserating points
that can be corrected by equations (7) and (8) to give the corres-
ponding compressor operating points. These results should be of the
deslired accuracy but should be checked to dee that they fall on the
original compressor curve. ZEquation (12) is used with the burnex
chart (equation (11)) to find f. A check on the accuraty is
possible by recomputing the intersection points with the new value
for f and Improved values for the bearing correction and PT S/PT 2
In the example belng computed, 1t was assumed that 7 = 0,9
and PT /PT 2 = 0.95. The bearings were assumed to use & torque
of 7 inch—pounds and the compressor entrance conditions corresponded
to an altitude of 30,000 feet and ram at 470 miles per hour.
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The compressor operation.curves for constant corrected temper-
ature ratlo 6m, 3/9T i3 are shown in figure 18 and the corrected

temperature ratio lines are shown on the turbine chart (fig. 16).
The compressor and the turbine are not perfectly matched as shown
in figure 16 by the fact that none of the 6gp 3/6p 3 1lines pass
throvgh the reglon of maximum turbine efficiency The highest
compressor efflclency is being used when eT 3/9T 1 = 3.5

and n//VbT 1 = 274 revolutions per second. Uhder these conditions
the turbine 1s operating at an efficilency of only 0.82. These
operation curves cover all modes of operation of the engine with
arbitrary rem end exlieust pressures and discharge-jet nozzle sizes,
but only a emell part of the entire turbine performsnce range of
good efficiency., Tests of thls jet engine as a complete unit there-
fore cannot be expected to cover a range large enough to indicate
where the region of peak turbine efficiency is and whether the
components are well matched.. .

The effect of the discrepancies betwesn design estimates and
turbine performsnce on engine operation are minor insofar as the
offect on compressor opsration states are concerned, because of
good correlation between air Ilow estlmated and measured at the
design value Tor turbine work per pound of alr at deslgn speed.
Thege three variables are enough to.determine that the compressor
will operate at design alr-flow conditlons for the deslred speed
and temperature retio. Because the turbine pressure ratio is not
close to the estimated value undsr these clrcumstances (measured
efficiency, 0.82; deslgned efficiency, 0.90), less pressure will be
avallahle for the jet nozzls, which must therefore be larger than
first estimated.

Jet-Engine Performence Computations

In order to compute the Jjet-engine performance at e given
altitude and speed, the ram pressure (generally corrected for duct
loeses but not in this example) and the temperature at the compressor
inlet are computed and from them V//!GT 1 aod pp 1/po are

!

determined. V 1s the flight speed =a PO the freé-stream pres-
gurs. The Jjet prossure ratic is

Pr,4 _ Pr,1 Pp,4
- Po Po Pr,1

whers pT 4/PT 1 is presumed known from.previous engine computa-
tions. If the value of 74 éand TT 4 @re known, the corrected
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Jet velocity. cs/’ﬂﬁr,l may Be computed from :

o 6 - /P
- e5 o ao 9T54 2“ 1 1 N \ 0 )
A% Tl | 7 PT4
where' the subscript 5 indicates nozzle conditions. The minute
gffect of variauione in 9y during the nozzle expansian process is

- (£t/sec)

neglected The compressor characteristics give - and f

Op,14/fr,1
is known for each point Thc corrected thrast is

;.....- \ : W - . * . . . c . ’
E'_Ee""‘ - é( e\ SN L (1b)
7,101 20,140, \Affz,1,/ AOr,1

The ¢orrected power is

or,1(8p, ) VALY

The corrected specific thrust is

’ / \

F \
BUUNE TR seoo (1b/1b/hr)
("T,l%,l) 7,1 )‘FT 1/< ) /

And the specific fuel oonsumption is

/2 \[. W )
" 3600 i '
| —\b, 1> (%,1’\@ 1

P

(lb)/(hp hr)

3/2 -

Srp,1(6q,1)

From the weight flow and the diecharge conditions, the area of the
thrust nozzle can algo be computed for each operation point and the
ocrrect nozzle eelected for any desired operation conditlon
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The computed engine performence is shown for zero flight speed
in figure 15(a), whlch glvea corrected static thrust and corrected
gpeclific thrust for constant values of corrected rotor speed and
corrocted temperature ratio. A similar chart is shown in fig-
ure 19(b) for a flight spsed of 470 miles per hour at an altitude
corresponding to the same compressor-inlet pressure. At the same
Fflight speed and altitude,figure lQ(c) shows the specific fuel
consmmption instesd of specific thrust. The minimum sstimeted
gspecific fuel consumption at 470 miles per hour is 0.885 pound per
horsepower~hour at 550 pounds corrscted thrust, a temperature
ratio of 3.35, a compressor speed of 274 revolutions per second,
and pressure ratilo of 4.4.

An estimate was made of the change ln performance for an lmprove-
ment in the matching of the turbine with the compressor. At the
point whers the static thrust was 788 pounds and the specific thrust
1.024 pounds per pound per hour, the compressor speed was 289 revolu=-
tions per mecond, the corrected temperaturs ratlo was 3.5, and the
turbine efficiency, 0.82. The assumptlqQn was made that the changed
turbine gave the peak efficlency of 0.875 at that corresponding
point on the turbine matching chart. The thrust was increased
to 826 pounds and the spscific thrust to 1L.073 pounds per pound per
hour, an improvement of 4.7 percent. The improvement at 470 miles
per hour was about 4.7 percent in all performance parameters.

A study of the problem of engine adjustment for better mstching
is required in order to apply the knowledgs gained from the matching
charts. The manner 1n which the turbine and compressor performance
characteristlcs must be altered 1n order to get an exact supsr-
posltion of the maximum efficlency regions cf turbine and compressor
with optimum engine performance must he determined.

Other Applications of Matching Charts

The matching charts described cen be applied to engines other
than the simple Jjet engine. Essentially the Jet englne is a hot-
gas producer, for which the matching cherts wlll determine the
state of the discharged gas. If this gas is discharged into a
reheater and frcm there into a power turblne, the matching charts
can be used to find the over-all performance for an engine of this
type. In the general case of the propeller-jet power turbine, a
chart simllar to the simple Jet-engine chart may be used with dlf-
Torent vertical shift of the scgles for each value of propeller
torque.
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Another itype of generalizatlion is possible by the use of
different matching functions. For examuple, If the turbine ls geared
to the compressor, the gear ratioc may “e-so incorporated into the
functions that the turbine and compressor functions watch., The
engine wilth a single power turblne and no Jot power may be studied
by use of the isentropic-enthalpy-drop factor instead of the torgue
factor, which permlts a matching of the pressure dropg. In thils
case, a vertical logarithmic scale is advised because a gimple shift
in the wvertical dlrection will glve matching requirements with
various ram-pressure ratios.

SUMMARY OF RESULTS

The  following results were obtained from an invegtigation of

the performance with cold alr of the NACA two-stage turbine and the

first stator-ring component:

1 The stream-filament method of checking turbine-blade pres-
sure distribution gave blade velocity distributions that generated
boundary layers of momentum thickness of about 06,0037 Inch for the
suction surface.. This thickness was only sbout 12 percent of the
tralling~edge thilckness of the blade, which is 0.030 inch.

2. The energy loss in the wake of the blades engendered by the
blade. edge .and boundary-layer momentum thickness caused an eatimated
decrease in turbine efficiency of 0.2 percent.

2. The boundary layer at the shrouds bullt up to some extent

- ineide the channel section of the nozzle dbut mainly downstream of

the nozzle throat. This process was activated chiefly by the low
pressure on the prdjecting surface of the bladse.

4. The boundary layer on the statlionary inner shroud was thick
compared with that on the outer shroud, stable, and bullt up down-
gtream of the blade row. The houndary layer on the outer shrond was
thin, unstable, and decreased 1ln thickness as the distance down-
streem of the cascade inc“eassd.

5. The boundary layer at the inner shroud blocked part of the
flow area and. established high axial velocities in the reglon
ad Jacent to the inner boundary layer but downstreem of the casdéads.
The boundary layer apparently had no other effect on the velocity
distributign inddced by the blades.
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6. The effective ennuler area was about 0.875 of the actual
erea. At the design pressure ratio, the computed flow was 0.95 and
the measured flow 0.364 of design. At design enthalpy drop, the
flow was 0.98 of +the design value. The difference betwsen the Llow
reductlion and the area reduction was probably caused by the build-up
‘of ‘the boundary layer of the imner shroud on the projecting suction
surface of the blade wlthout greatly affecting the flow in the
nozzle throat. . )

7. At design value of the torquse and corrected product of air
flow and speed, WsnﬁjT 39T 3 (where g and & are the denslty
and temperature corrections, respectively) the speed was 135.7 revo-
. lutions psr second 'instead of the design value of 134.) revolutions

. per second. The efficiency at this point was 0.823 as comparsad
with the peak of 0.875 at a speed- of 180 prevolutlons per. gecond,
which was ths principal discrepancy between the design ‘and’ the
measured results.

8. A set of charts was developed which permitted an estimateo
£o be mede oOf jet~engine performance from. the performance of its
components and to determmine the degree of matching of the components.

9. The matching charts showed that the best compressor-
efficiency reglon did not coincide wlth the bast turbine-efficiency
region when the two components were used as a jet eng*ne., The peak
compressor efficiency was 0.84 and the pesk turbine efficlency 0.875.
The peak compressor efficiency occurred at a corrected tempesrature
ratioc of 3.5 and a corrected rotor -speed of 274 revolutlons per
second. At this point, the turbine operated at en efficleéncy of
only 0.82. The point of minimum specific fuel consumption of the
engine at 470 miles per hour and 33,000 feet is 0.87 pound per
horsepower-hour with a corrected thrust of 430 pounds.

10. An estimate of the improvement in over-all engine perform-
ance was made for engine operation at a corrected temperaturs ratio
of 3.5 and 289 revolutions per second corrected engine speed, under
the assumption that the turbine could be adjusted to operate at its
peakx efficiency of 0.875 instead of the estimated operating effl-
ciency of 0.820 for thls engine condition. The improvement in
engine performance was about 4.7 percent for all parameters at
flight speeds of O and 470 miles per hour. This improvemsnt might
be regarded as avagllable through improved matching of the two
engine components.
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CONCIUSIORNS

This investigatlon indilcated the probable general validity of
the following conclusionst

1. The stream-fillament method of checking turbline-~blade pres-
sure distribution proved satisfactory for obtalning high solldity
blades in & pressure-drop flow without thick boundary layers.
Discherge guldance in the blades gave desired average moment of
momentum, but incorrect angles near the blade roots.

‘ '2. The assumption of free-vortex flow and unlform axial
velocdity between blade rows is inadequate for estimating flow
angles or welght-flow pressure-ratio relations but is satisfactory
for estimating welght-flow work-output relations and ls therefore
satisfactory for estimating the operating polnt of the compressor.
For accurate design, the area blocked by the boundary layer in the
nozzles aend the radlal flow causged by the boundary-layer thickening
downstream of the stators should be taken into account. Some method
must be evolved Por predicting these effects from design data.
Thick boundary layers are not expected downgtream of rotors.

3. Deslgn of turbine blades on the assumption of free-vortex
flow does not insure the occurrence of peak efficlency at the design
point. '

Flight Propulsion Research Lsboratory, :
" National Advisory Committee for Aeronautics,
Cievelend, Chio, June 6, 1947,
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APPENDIX A

SYMEOLS

The following symbols are used in this report:

effective flow area downstream of first turbine stator row,

sq £t
sonic velocity of gas, ft/sec
standard-alr sonic velocity, 1116.3 £t/sec
gas velocity, f£t/sec
mass average axial veloclty component, ft/sec_
specific heat of gaé at constant pressure, f£t-1b/slug/°F
fuel~alr ratio | | |
thrust of engine, 1b
stapdard gravitational acceleration, 32.174 ft/sec2
enthalpy, £t-1b/slug |
heating value of fuel, £+-1b/slug

mess flow in annulus bounded by inner shroud of turbime and
radius r, 1b/sec

rotative spesd of turbine, rps

thrugt horsepower of Jet engine

gas pressure, 1b/sq £t

auxiliary-power consumption (bearings), ftflb/sec
ges constant, ft~-1b/(slug)(°R)

radlal distance from axls of rotation, £+t

gas entropy, ft-1b/slug/°R

25
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8 hlade pltch, £t

T gas temperature, °R

t blade tralling-edge thickness plus momentum thickness of
houndary layosr, £t ' -

te t/s cos Py

Vv flight speed, fit/sec

W weight flow of gas, lb/sec

6 az/astz

y ratio of specific hemts of gas, cp/cV

3] momentum thickness of boundary layer, in.

AH, stagnation enthalpy rise in compressor, ft«lb/slﬁg

AHs lgentropic drop in stagnation enthalpy through tufbine, ft~lb/slug

AHp  stagnation enthalpy drop in turbilne, ft—lb/slug |

0] angle between normal tq cascade axis and flow direction of gas
or discharge angle of stator blades, deg

[ gas density, slug/ft

Pgy Stendard air density, 0.002378 slug/ft>

o plegy

M combustion-chamber efficlency

Subecripts:

0 free-stream conditlon

1 compressor-intake condition .

2 compressor-discharge condition

3 turbine-intake condition

4 turbine-~discharge conditlion
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5 propulsion nozzle condition

a axlal vsloclty component

N condition in nozzle throat of blade cascade
r blaede-root condition

gt  ghtandard-sir condition

T stagnation condition

t blads~tip condition

u tangential veloclity component
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APPENDIX B *

TRATLING-EDGE MOMENTUM LOSS

A uniform parallel flow of gas with pressure py, tempera-
ture Ty, denslty ey, and velocity oy flows between an infinite
set of straight vanes of thickness +t, pltch (along cescade axis) s,
and angle Py wlth respect to the normal to the cascade axis. The
gas discharges into & space with no vanes gnd attains a final state
of p, T, P with direction angle © and veloclty c¢ of axial
component c¢g and tangential compopent ¢,. The continulty equa-
tion is

%
PRCN cO8 CpN(s - ) = PCLS
cos P a
The fraction of flow area blocked is

.
f'scosCPN

and the continuity equatlon is

po cos @y (L - ty) = oog (81)

The momentum equation for components normal to the cascade axis 1s

2 o/ey
pye - P8 = pegs(ey - oy cos Py) = Pscy” |1 - 5 % (B2)

Becausge the flow 1s isoenergetic

CNZ 62
GPTN + s = QPT + 5 (B3)

The loss in avallable ensrgy ls meéasured by the heat-disslpation
integral

IS
Loss per slug of fluid =‘./n 738 (B4)

Sy



NACA TN No, 1459 29

where S 18 the entropy. .From thembdynhmiés,

s T | '
f TdS =f CPdT -fp g'-E = CP(T - TN) - j’p Q'B (BS)
8y Iy By P o ey P

The momentum squation for components along the -cascads reduces to

ey 8in Py = ¢, (Bs)

P : L '
The integral f %E- is approximated by setting it equal to
{(p ~ pN) /B where 1/8 1s the aversge. specific volume between
l/pﬁ and 1/p

11 1 o
=.2.(5+-—)- - (87)

From equation (B2)

P P-P \  cg? 2. \
R )- ) (b 8)
Py 1-%  / 5

Substitution of this relation as well as equations (B3) and (B6)
into equation (B5) gives

2. 2 2

c c c
PTdS= a,l a__Ca (p I _ /l+D)
J 2 2 \py 1~ tp \* * oy

The quantlty ca,N is elimlnated by means of the continuity equa-

tion (B1) ,
2 < b
) _._D_-__GE__( . —F
S g .1)(;-%) - @)

\L - tp.
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From the eéuations of state, energy, and continulty

p - py = R(PT - pyly) = RI{p - py) + Roy(T ~ Ty)
Re 2 el op . 2
= RT(p - pﬂ) + E_E (éN o8~ Py = Cgq )
Cp .
P
2 2
Ca e 1

p - Py = RT(p - py) + Roy 5= (-—-) —— ]

When this pressure difference is equated to that found from the
momentum equation and p/py 1s eliminated by use of the variable

Bp/pN)/(l - tf)J - 1 a quadratic equatlon is obtained with the

exact solution .
I dtp 2 X
Tt Me (1 - '2')

(&) (= )-1.:1"7Ma2(1-1c)

LY (ot 1 -Al1 - =
o) \T - % N [_ 20y . ]2-
27Mﬁa< ,_Z_) | 1~ Mg®(L - k)
2 caz - - 1
where Ma-".;,‘ﬁf and k':‘)’l-'tf' For
t
£ 2
T M

<< 1

1 - 20 - k)2

),

L. 1 -1~
DN'zif' tr) ' 1 - 7Maz(l - k) (29

the approximate solution is

Fquation (BY9) ie substitited in equation (B8) together with D/DN = 1
for the first factor to obtaln the approximate answer
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o (5 i
2 T - %4 .
ca 1 - tf _ 1l -~ 'tf
J[’Tds ~ 3 3 . (1 - tf) 1 + - =
1 - M0 - k) 1~ 7(1 - k) Mg
2
r Cq 1l - &
J T4 ~ — > (R10)
c 4
a (v ~ 1)
LRy [1 T oy(1- t'fj}
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Figure 2. - First stator ring of NACA two-stage turbine.
Downstream view.
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Figure 4. - Third stator ring of NACA two-stage turbine. Downstream view.
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